Abstract Extracellular vesicles present an attractive delivery vehicle for therapeutic proteins. They intrinsically contain many proteins which can provide information to other cells. Advantages include reduced immune reactivity, especially if derived from the same host, stability in biologic fluids, and ability to target uptake. Those from mesenchymal stem cells appear to be intrinsically therapeutic, while those from cancer cells promote tumor progression. Therapeutic proteins can be loaded into vesicles by overexpression in the donor cell, with oligomerization and membrane sequences increasing their loading. Examples of protein delivery for therapeutic benefit in pre-clinical models include delivery of: catalase for Parkinson's disease to reduce oxidative stress and thus help neurons to survive; prodrug activating enzymes which can convert a prodrug which crosses the blood-brain barrier into a toxic chemotherapeutic drug for schwannomas and gliomas; and the apoptosis-inducing enzyme, caspase-1 under a Schwann cell specific promoter for schwannoma. This therapeutic delivery strategy is novel and being explored for a number of diseases.
Extracellular vesicles (EVs) span a range of vesicle types, including exosomes, microvesicles (MVs or ectosomes), apoptotic bodies, and oncosomes (for review see Abels and Breakefield (2016) ). Exosomes and MVs have been among the most highly studied types of EVs (Henderson and Azorsa 2012; Cocucci and Meldolesi 2015) . These two classes of EVs are typically distinguished on the basis of their size, with exosomes being in the range of 30-100 nm in diameter, whereas MVs are greater than 100 nm (i.e., 100 nm-1 lm). Exosomes are generated as an outcome of the trafficking of multi-vesicular bodies to the cell surface where they fuse with and are released from the plasma membrane. MVs are produced by plasma membrane budding at the cell surface (Yoon et al. 2014; El Andaloussi et al. 2013) . The different EV subtypes are thought to contain a wide range of proteins. These proteins themselves carry important information both as ligands that are aligned along the EV surface or are present within the lumen of the vesicles. Some proteins commonly found in EVs and often used to characterize them include heat shock proteins (HSP70, HSP90), export molecules (Alix, RAb27a/b, TSG101, flotillin), tetraspanins (CD63, CD81 and CD9), and antigen presenting proteins, MHCI and MHCII (Chaput and Théry 2011) ; however, it is still not clear which subsets of EV subtypes harbor which proteins (For review of the proteomics of vesicles see Kreimer et al. 2015; Simpson et al. 2008; Kalra et al. 2012-Vesiclepedia) .
The exact extent to which the protein cargo is specific to the different classes of EVs (i.e., MVs versus exosomes or other subtypes) remains to be determined, as definitive methods for resolving and purifying each of these types of EVs are still being developed. Indeed, in many cases, it is likely that EV preparations contain some mixtures of several vesicle subtypes, as well as ribonuclear protein particles and high/low density lipoproteins (Vickers et al. 2011) . Similarly, the manner and degree to which different cell types package their vesicles with unique cargo have not been clearly established, although there are good reasons to suspect that MVs and exosomes from different cellular sources contain some unique cargos. MVs isolated from human breast cancer cells have been reported to contain the EGF receptor ligand, amphiregulin (Higginbotham et al. 2011) , as well as the EGF receptor family member, ErbB2/HER-2 (Martins et al. 2013) . MVs obtained from glioblastoma cells have been shown to contain EGF receptors and the oncogenic EGFRvIII (Graner et al. 2009; Antonyak et al. 2011; Al-Nedawi et al. 2008; Skog et al. 2008) , while exosomes isolated from pancreatic cancers have recently been suggested to serve as diagnostic markers based on the enriched presence of the cell surface protein glypican-1 (Melo et al. 2015) .
The protein content of EVs determines to a large extent their therapeutic potential, and in fact EVs from some cell types are intrinsically therapeutic, e.g., mesenchymal stem cells can promote repair of damaged tissues and regression of tumors (Gnecchi et al. 2006 ; for review see El Andaloussi et al. 2013; Nakano et al. 2015 ; see Katakowski and Chopp 2016) . Other EVs derived from dendritic cells can assume therapeutic potential, for example, improve vaccination outcome by treatment of these cells with antigens prior to EV isolation (Cheng and Schorey 2013) . However, in the case of cancer cell-derived EVs, there have been a number of reports indicating that these vesicles can contribute in aggressive ways to different key aspects of cancer progression and metastasis. For example, EVs shed from glioblastoma cells carrying the oncogenic EGF receptor variant, EGFRvIII, were shown to activate signaling pathways supporting cell proliferation upon their engagement with neighboring glioblastoma cells (Al-Nedawi et al. 2008) . Cancer cell-derived EVs containing the receptor tyrosine kinase MET were reported to promote metastasis (Peinado et al. 2012) , whereas exosomes derived from pancreatic adenocarcinomas have been shown to 'educate' bone-marrow-derived cells to initiate pre-metastatic niche formation in the liver (Costa-Silva et al. 2015) . EVs containing CD147 appear to stimulate angiogenesis (Millimaggi et al. 2007 ) and can contain tissue factors associated with increased coagulation in cancer patients (Tesselaar et al. 2007 ). Cancer cell-derived EVs also contain metalloproteinases and proteins that activate matrix metalloproteinases, e.g., EMMPRIN (Sidhu et al. 2004) which digest the extracellular matrix and thereby facilitate the migration of cancer cells (Di Vizio et al. 2012; Shimoda and Khokha 2013) , as well as promote tumor cell invasion (Zomer et al. 2015) . Moreover, EVs shed by aggressive cancer cell lines, such as MDAMB231 breast cancer cells or U87 glioblastoma cells, contain fibronectin and the acyl transferase enzyme transglutaminase-2, which catalyzes crosslinking of fibronectin, thereby enabling the vesicles to engage integrins on recipient non-transformed cells and markedly alter their signaling properties, such that they exhibit transformed characteristics (Antonyak et al. 2011; Li et al. 2012 ). This latter aspect, the potential for normal cell transformation by cancer cell EVs, and potentially by EVs from transformed cell lines, is a major issue to resolve in the design of therapeutic vesicles.
Viruses also use EVs to transmit proteins; for example, HIV can transfer the CCR5 receptor to normally resistant cells making them susceptible to infection (Mack et al. 2000) . Epstein Barr virus incorporates the viral oncogene latent membrane protein LMP1 into EVs as a transforming factor (Verweij et al. 2011) . Herpes simplex virus type 1 incorporates STING (stimulator of IFN genes), an innate immune sensor, into exosomes released by infected cells to modulate viral latency (Kalamvoki et al. 2014) . EVs can also carry immunosuppressive ligands, for example interleukin-4 (IL-4) and IL-10, which can be protective under inflammatory conditions (Robbins and Morelli 2014) , or Fas ligand and TRAIL to suppress activated T cells against the fetus in pregnancy (Stenqvist et al. 2013) . Another important role for EVs is to serve as a means to discard excess proteins, as in the transferrin receptors during maturation of red blood cells (Harding et al. 1983) , or proteins that are limiting growth, as PTEN in prostate cancer cells (Gabriel et al. 2013 ).
Examples of Delivery Schemes, Including Methods for Loading Proteins in EVs and Assessing Uptake into Recipient Cells
Methods for loading specific proteins into vesicles are still being developed (for review see György et al. 2015; Fig. 1) . One approach to label vesicles has been to fuse GFP or other fluorescent proteins in-frame with a protein known to be in vesicles, e.g., CD63 (Amano et al. 2001 ), TSG101, ARRDC1 (Nabhan et al. 2012) or a peptide which targets the protein to the plasma membrane, e.g., palmitoylated tdTomato (Lai et al. 2015) . Others have fused cargo proteins to EV proteins, e.g., the C1C2 domain of lactadherin (Hartman et al. 2011) or epidermal growth factor VIII (Zeelenberg et al. 2008) , or the platelet-derived growth factor receptor (PDGFR) transmembrane domain (Lai et al. 2014) , to the cargo they want to deliver. Transfection of cells with an expression cassette or vector that produces high levels of a protein will lead to more incorporation into vesicles. Presumably, proteins in the cytoplasm, and not those in the nucleus or membrane compartments of the cells, such as the endoplasmic reticulum and Golgi, are more readily incorporated into EVs. After experimenting with a number of protein modifications, Gould and co-workers tested a combination of a membrane targeting myristoylation peptide combined with an oligomerizing protein, in their case yeast TyA, which markedly enriched proteins in EVs (Shen et al. 2011 ).
Advantages of EV Delivery
For clinical use it will be important to identify normal cell types which can be grown under appropriate sterile, nontoxic conditions in large numbers with release of EVs which can be loaded and collected for patient administration. Several cell types look promising, such as mesenchymal stem cells, dendritic cells, and embryonic or induced pluripotent stem cells; in some cases, it may be possible to generate EVs from autologous cells for treatment. Efforts are also underway to generate therapeutic vesicles from plants (Ju et al. 2013 ) to which humans are normally exposed and which do not fall into the classification of natural products, and thus are not under FDA regulations. In general, EVs are considered quite stable and capable of being frozen for later use. If obtained from the same patient or possibly from embryonic cells, they should have low immunogenicity. It may also be possible to target them for cell specific uptake by genetically engineering the cells to express ligands on their surface that will be transferred to the surface of the vesicles and bind to specific receptors on target cells. This would include, for example, peptide ligands which can cross the blood-brain barrier (BBB), such as the rabies virus glycoprotein which targets acetylcholine receptors (Alvarez-Erviti et al. 2011; Wiklander et al. 2015) . The mode of uptake of vesicles by recipient cells may prove critical to the effectiveness of their cargo, with endocytosis, believed to be the most Fig. 1 Loading protein into EVs. Several strategies have emerged for increasing the content of specific proteins in EVs: 1. Overexpression of a cytoplasmic protein (red swirl) will increase its relative content in EVs generated through natural processes; 2. Overexpression of a protein can be combined with artificial generation of vesicles by passage of cells through devices (triangles) of different pore sizes; 3. The protein of interest can be fused in-frame with a protein component of the vesicles, such as CD63 (Singh et al. 2014) ; 4.
Proteins can be linked to the inner surface of the plasma membrane by palmitoylation or myristoylation (Shen et al. 2011 ) peptides fused inframe to the N-terminal, or by fusion with a transmembrane motif, such that they are presented on the surface of the vesicles (Lai et al. 2014) . Linking membrane attachment with an oligomerization signal increases loading of the protein into the vesicle even further (Shen et al. 2011 ) Cell Mol Neurobiol (2016 common route, potentially leading to some lysosomal degradation of the cargo. Methods to promote direct fusion of vesicles with recipient cells in order to dump cargo directly into the cytoplasm, or to promote the exit of cargo from endosomes, may further enhance the effectiveness of these therapeutic vehicles.
Examples of Therapeutic Delivery of Proteins via EVs
Catalase for Neurodegeneration
Parkinson's disease (PD) is a neurodegenerative disorder characterized by microglia stimulation, swelling of the brain, and the release of neurotoxic reactive oxygen species (ROS) (Mcgeer et al. 1988; Busciglio and Yankner 1995; Ebadi et al. 1996; Wu et al. 2003) . Proteins that reverse these oxidative phenomena, such as catalase and superoxide dismutase, are observed in decreased amounts in PD patient brains undergoing neurodegeneration (Ambani et al. 1975; Riederer et al. 1989; Abraham et al. 2005) . While catalase is an attractive therapeutic protein for PD treatment, the BBB restricts its access to the brain following intravascular delivery (Peng et al. 2013) . While nanoparticle transportation techniques are able to carry molecules across the BBB, once traversal has been completed, delivery is further hindered by clearance through the mononuclear phagocyte system (MPS), which destroys the nanoparticles and their cargo (Peng et al. 2013) . Exosomes have the potential to cross the BBB and transport cargo, while avoiding the MPS (Lai and Breakefield 2012; Tian et al. 2014; Vlassov et al. 2012) . Taking advantage of this phenomenon, Haney et al. (2015) incorporated the PD therapeutic protein catalase into exosomes through four different methods: co-incubation, freeze/thaw, sonication, and extrusion-with sonication and extrusion producing the most efficient loading. Nanoparticle tracking analysis (NTA) and catalase activity experiments indicated that there were *940 ± 15 catalase molecules per exosome. Catalase loading was confirmed by hyperspectral microscopy, which allows accurate optical evaluation of the protein. These researchers demonstrated that when macrophages, which had been activated by incubation with lipopolysaccharides (LPS) and tumor necrosis factor-alpha (TNF-a), were administered catalase-exosomes, ROS levels were significantly decreased when compared to non-exosome exposed macrophages.
This therapeutic strategy was also tested in vivo using C57BL/6 mice injected with 6-hydroxydopamine (6-OHDA) into the substantia nigra as a model of PD (Haney et al. 2015) . Intravascular injections of catalase-containing exosomes were administered 10 times per day every other day. Free catalase was injected as a control. 6-OHDA injections caused significant brain inflammation as showed by the increased production of CD11b. However, the delivery of catalase-exosomes significantly reduced CD11b production (p \ 0.005), with free catalase not being able to reduce brain inflammation. This study supports the ability of exosomes to effectively transport a therapeutic protein across the BBB and produce a measurable treatment response.
Suicide Genes for Tumors
Schwannomas are benign tumors derived from de-differentiated Schwann cells that form along peripheral nerves, with compression of the nerves causing pain, weakness, paralysis and/or hearing loss (Lu-Emerson and Plotkin 2009). In the dominantly inherited, tumor suppressor Fig. 2 Palmitoylation does not markedly increase loading of CD-UPRT protein into vesicles. 293T cells were either transfected with Palm-CD-UPRT-GFP or CD-UPRT-GFP expression cassettes using polyethylimine (PEI). High level transfection ([80 % of cells) was confirmed by GFP fluorescence. EVs were harvested from 48-h conditioned medium through ultracentrifugation. Cells and EVs were lysed using RIPA buffer, loaded at 30 lg of protein/well and resolved by SDS-PAGE, followed by Western blotting for CD and GAPDH antibodies. A representative blot is shown from one of two experiments syndrome, neurofibromatosis type 2 (NF2), patients inherit one mutant allele of the merlin gene and schwannoma formation is instigated by somatic loss of the normal allele (James et al. 2009 ). The most common treatment for schwannomas is surgery, which can be invasive and cause nerve damage (Stanuszek et al. 2014) . Mizrak et al. (2013) demonstrated the packaging of an mRNA encoding a prodrug activating enzyme (suicide protein) into EVs, with direct injection of these EVs into the tumor, followed by treatment with an inactive pro-drug leading to regression of schwannomas in a mouse sciatic nerve model. This suicide gene is a fusion cDNA encoding cytosine deaminase (CD) and uracil phosphoribosyltransferase (UPRT) (Invitrogen, Grand Island, NY) which act synergistically to convert the prodrug, 5-fluorocytosine (5-FC), to the chemotherapeutic drug, 5-fluorouracil (5-FU) (Porosnicu et al. 2003) . CD converts 5-FC into 5-FU and UPRT converts 5-FU into 5-fluoro-deoxyuridine monophosphate (5-FdUMP). This compound inhibits thymidine synthase, restricting the production of dTMP and dTTP, thereby inhibiting DNA synthesis and causing cell death (Huber et al. 1994; Mullen et al. 1994) .
In order to load CD-UPRT into EVs, cultured human embryonic kidney cells (293T) were transfected with an expression cassette for CD-UPRT-EGFP, and EVs released into the medium were harvested by ultracentrifugation (Mizrak et al. 2013 ). The EVs were tested for the presence of CD-UPRT-EGFP mRNA using qRT-PCR to prove proper cargo loading. RNA was shown to be completely encapsulated within the EVs by virtue of its RNase resistance. Treatment of human NF2 schwannoma cells (HEI-193; Hung et al. 2002) in culture with these loaded EVs followed by 5-FC treatment resulted in 80 % cell death, while mock treated cells showed no toxicity. These vesicles were also tested for their therapeutic potential in vivo in a xenograft model in which schwannoma cells expressing firefly luciferase were implanted into the sciatic nerve of nude mice (Saydam et al. 2011) . Once the tumors had developed, EVs carrying CD-UPRT mRNA and presumably CD-UPRT protein were injected once per week for two months followed by intraperitoneal delivery of 5-FC. Tumor growth was monitored using in vivo bioluminescence at 28-day intervals. Tumors were completely eliminated by this therapy in 6/9 mice, while tumors in the PBS injected controls continued to grow. It was hypothesized that improved CD-UPRT loading into EVs would increase tumor toxicity.
The CD-UPRT-GFP expression constructs were redesigned so that they contained a palmitoylation sequence at the N-terminal. This short hydrophobic peptide inserts into the plasma membrane and into EVs produced by cells, as demonstrated for palmitoylated GFP and tdTomato (Lai et al. 2015) . To see if this membrane signal increased the levels of CD-UPRT protein in EVs, 293T cells were transfected with expression constructs for CD-UPRT with and without the palmitoylation signal. Proteins in cells and EVs derived from them were resolved by SDS-PAGE gel (10-14 % Bis Tris) electrophoresis and immunoblotted using antibodies to CD and to control proteins-GAPDH for cell lysates and HSP90 for EVs. The presence of the palmitoylation signal did not substantially increase the amount of CD-UPRT in the vesicles (Fig. 2) . EVs from CD-UPRT transfected cells sensitized mouse glioma cells (GL261; Ausman et al. 1970 ) in culture to death induced by 5-FC (Fig. 3) , indicating that the palmitoylation signal did not decrease the activity of CD-UPRT. Comparable CD-UPRT EV enrichment between palmitoylated and unpalmitoylated samples was also confirmed by GL261 viability experiments. Palmitoylated samples did not cause any difference in toxicity levels, suggesting that activity of these fused enzymes was not compromised by their presumed association with membranes in recipient cells.
EV Delivery of Caspase-1 for Schwannoma Treatment
Direct intratumoral injection of an adeno-associated virus (AAV) vector was used to induce regression of a human NF2 xenograft schwannoma in a mouse sciatic nerve model Fig. 3 Delivery of 293T EVs carrying CD-UPRT combined with 5-FC causes glioma cell death in culture. 293T cells were transfected with either CD-UPRT-GFP or Palm-CD-UPRT-GFP plasmids through PEI transfection (as in Fig. 2 ). EVs were harvested by ultracentrifugation 72 h later from 2, 15 cm plates per plasmid type. GL261 cells cultured on 96-well plates at 2-6 9 10 5 EVs/cell were untreated or treated with 5-FC (150 lg/mL) after exposure to CD-UPRT EVs or Palm-CD-UPRT EVs. Viability was measured 72 h later using CellTiter-Glo assay (Promega, Madison, WI). (*p \ 0.0001, n = 2 experiments and 3 wells for each experimental condition) Cell Mol Neurobiol (2016) 36:417-427 421 (Prabhakar et al. 2013 ). The AAV vector encoded caspase-1 (ICE), which can trigger cell death (Croker et al. 2015) , under the control of a P0 promoter, which is active in myelinating Schwann cells (Shen et al. 2011) . Considering that only a fraction (i.e., about 20 %) of schwannoma cells were transduced by the vector injection, it was surprising to achieve almost complete regression of the tumors (Prabhakar et al. 2013) . One explanation for this may be found in studies showing that ICE is incorporated into EVs, or travel by nanotubes, which can then be taken up by and kill surrounding cells (Sarkar et al. 2009 ). This hypothesis is illustrated for AAV-P0-ICE gene therapy of schwannomas in Fig. 4 . To test this hypothesis, the DNA expression construct encoding P0-ICE (Prabhakar et al. 2013 ) was transfected into human NF2 schwannoma cells (HEI-193; Hung et al. 2002) or human embryonic kidney 293T fibroblastic cells as a negative control. Twelve hours after transfection, cells were rinsed to remove free plasmid DNA and the media were replaced with DMEM (5 % EV depleted FBS, 1 % P/S) (Corning Life Sciences, Tewksbury, MA). Forty-eight hrs after media replacement (prior to notable cell death of HEI-193 cells), EVs were isolated from the conditioned medium by two low-speed centrifugations to remove cells and debris (7 min at 3009g and 10 min at 20009g) and a high-speed centrifugation (2 h at 100,0009g) to separate the supernatant (EV-free media) from pelleted EVs (Mizrak et al. 2013) . Remarkably the EVs from medium conditioned by P0-ICE-transfected schwannoma cells were highly toxic to non-transfected schwannoma cells, while those from P0-ICE-transfected 293T cells were not, with about 4 times more EVs being produced by transfected HEI-193 cells compared to transfected 293T cells (Fig. 5) . This is consistent with the P0 promoter being active in the schwannoma cells and not in the 293T cells, and with ICE (protein and/or RNA) being incorporated in the EVs, which in this case may have included apoptotic vesicles from dying schwannoma cells. The higher transfection efficiency of 293T cells compared to the schwannoma cells, and the fact that EVs from 293T cells were not toxic to schwannoma cells, support the schwannoma cell specificity of the P0 promoter and indicate that this effect was not due to the transport of cDNA in EVs (Kanada et al. 2015) , but rather the mRNA or protein. The overall loss of viability in EVfree conditioned medium compared to the unconditioned medium is assumed to be due to a reduction in nutrients used by cells during the 48-h period necessary for the generation of EVs, as this difference was seen in all transfected and non-transfected cell types. In addition to the presumed presence of ICE protein in these EVs from P0-ICE-transfected schwannoma cells, there may also be mRNA encoding this protein. From other studies, we know that overexpressed protein and mRNAs of about 1 kb (ICE Fig. 5 EVs from AAV-P0-ICE transfected schwannoma cells are toxic to non-transfected schwannoma cells. EVs and EV-free conditioned medium (supernatant) were harvested from HEI-193 schwannoma cells and human kidney 293T cells which had been transfected (t) with P0-ICE plasmid DNA or non-transfected (nt). EVs, EV-free conditioned medium or unconditioned fresh medium was added to the culture medium of HEI-193 cells cell viability was determined 96 h later using the CellTiter-Glo assay (Promega). cDNA is 1.2 kb) can be packaged to some extent intact in EVs (Dr. Bence György, unpublished data), and that mRNA delivered by EVs can be translated in recipient cells (Skog et al. 2008; Lai et al. 2015) . Overall, these data support the hypothesis that the schwannoma by-stander killing mechanism mediated by AAV-P0-ICE vectors may be due, at least in part, to the transport of ICE protein and/ or mRNA from transduced to non-transduced schwannoma cells within the tumor microenvironment via EVs.
Other Proteins and Disease Targets
The use of EV protein therapy is still under development.
There have been reports where exosomes have been examined as a form of cancer immunotherapy (Tan et al. 2010) . In particular, studies have been performed evaluating the potential application of dendritic cell-derived exosomes to promote immune responses against tumors (Taieb et al. 2006) . Likewise, there have been studies examining whether exosomes derived from cancer cells might actually induce an immune response (Zhang et al. 2010; Lee et al. 2011) . EVs from some cell types, e.g., mesenchymal stem cells, appear to have restorative effects in cardiac, lung, and kidney injury Heldring et al. 2015; Katakowski and Chopp 2016) . But there may be a downside to the use of exosomes as therapeutic delivery vehicles, in that given the many proteins and other cargos within them, it is difficult to pinpoint the critical components, and those, especially from cancer cells may promote the transformation of normal cells in the tumor environment (e.g., Paggetti et al. 2015) .
